a ventral to nasal to dorsal to temporal direction. It has
Second, mitotic cells were found that seemed to retain a process to the basal side of the retina. In order to been demonstrated using markers of differentiating cells (Laessing and Stuermer, 1996 (Hu and Easter, 1999) .
encoding GFP-based fusion proteins. H2B-GFP, a fusion protein of Human Histone 2B and eGFP, localizes Given that the wave is involved in neurogenesis, it may therefore also be involved in regulating or initiating neuto the chromatin in nuclei (Kanda et al., 1998) . When injected into zebrafish embryos, it is an extremely effecrogenic cell divisions. If so, are orientations or patterns of cell division correlated with these waves or affected tive label for studying cell divisions, as changes in chromatin arrangement during mitosis can be seen easily in in zebrafish mutants in which neurogenesis is delayed or this wave is disrupted? time-lapse movies. Embryos were imaged in 10 to 15 min intervals for a minimum of 10 hr starting at 27.5 hpf Using two-photon excitation of fluorescent probes, 3D representations of almost the entire zebrafish retina up to 45 hpf, a time period encompassing the beginning of neurogenesis in the retina (28 hpf) and the birth of all can be obtained over a long period of time due to the lower levels of photodamage that normally result from retinal ganglion cells as well as most inner nuclear layer cells in the central retina (Hu and Easter, 1999) . Each laser scanning microscopy (Piston, 1999 ). An advantage for the study of morphogenesis is that measurements time point consisted of a volume that was reconstructed and could be rotated around any axis (see Movie S1 in of the specimen can be taken in the knowledge that no artifact will have been introduced from fixing, staining, the Supplemental Data at http://www.neuron.org/cgi/ content/full/37/4/597/DC1). The angle of orientation was or mounting the specimen. Furthermore, because timelapse data is being used, relative changes in morphoinitially analyzed with respect to the apico-basal axis and the retinal or apical surface ( Figure 2 ). An orientation genesis can be observed in single specimens. Shorterterm changes in morphology during cell division can of 0Њ represents a division that occurred parallel to the tangent plane of the apical surface at the point of divialso be studied. Of particular interest is the issue of the basal process by which neuroepithelial progenitor cells sion, while an orientation of 90Њ is characteristic of a division orthogonal to this plane, i.e., an apico-basal are attached to the basal side of the retina. During the cell cycle in the vertebrate retina, the nucleus undergoes cell division. Surprisingly, no cell divisions occurred at orientations greater than 40Њ at any of the time points interkinetic nuclear migration, which involves movement of the nucleus within a neuroepithelial cell that spans the analyzed ( Figure 3A ). Seventy percent of the observed cell divisions (n ϭ 131) were orientated by 10Њ or less entire retina or ventricular zone. At mitosis, the nucleus always migrates to the apical side of the tissue where toward the retinal surface. The rest were orientated by larger angles. The first cells to become postmitotic in the cell divides. Recent time-lapse studies of cortical glial cells showed that the basal process seemed to the zebrafish retina are ganglion cells born around 28 hpf, with the peak rate of neurogenesis between 33 remain in place during mitosis of radial glial cells (Miyata et al., 2001; Noctor et al., 2001 ). This may relate to rehpf and 48 hpf (Nawrocki, 1985) . The distribution of orientations of cell divisions, however, remained the ports of cultured neuroblasts in the developing superior cervical ganglion of the rat that can divide after having same, regardless of time, as revealed by cumulative plots of orientations at different time periods (Figure elaborated axonal processes (Wolf et al., 1996) . In such cases, the process persists and is inherited by one of 3B). If some postmitotic cells in the zebrafish retina are indeed born of asymmetric cell divisions, the lack of the daughter cells. By imaging retinal progenitor cells in vivo, we show that the basal process does persist apico-basal divisions would indicate that these asymmetries occur in a near planar orientation. during mitosis. This also raises questions about the fate of the basal process at mitosis. We have tried to determine whether one daughter cell or both daughter cells
The Orientation of Cell Division Shifts can inherit the basal process, and whether any pattern from a Central-Peripheral to a of inheritance of the basal process might bear any relaCircumferential Axis over Time tion to asymmetric cell division.
The orientation of divisions parallel to the apical surface was characterized with respect to the central-peripheral axis. Considering the retina as a thickened shell of an Results ellipsoid body, a central-peripheral axis would be equivalent to lines of longitude or great circles drawn on its There Are No Apico-Basal Divisions in the Zebrafish Retina surface (green in Figure 4A ) with the center of the lens as one of the poles and the optic nerve head as the Zebrafish embryos were stained with Bodipy-FL-C 5 -Ceramide, a fluorescent dye that is distributed in the interstiopposite pole. In a 2D projection of the ellipsoid as seen from the optic nerve head pole, as is done when making tial space between cells. Imaging by confocal laser scanning microscopy allowed the outline of all retinal flat-mount preparations of the retina, these lines would look like radial lines emanating from the center. Perpencells to be visualized over time. Dividing cells could be clearly identified (Figure 1 ), but labeling of every cell in dicular to the central-peripheral axis is a circumferential axis equivalent to lines of latitude on a globe (red in the retina made tracking the morphology and position of individual cells extremely difficult. Nonetheless, anal- Figure 4A ). In our analysis, an orientation of 0Њ represents a cell division along the central-peripheral axis, while ysis of images of dividing cells provided two avenues for further investigation. First, no divisions were noticed an orientation of 90Њ represents a division along the circumferential axis (Figures 4B-4E ). Figure 5A depicts with a cleavage plane parallel to the ventricular surface. Figure 5C ). The difference in the temporal change of orientation between zebrafish and rat models implies that the change toward circumferential divisions is improportions of cell division orientations between wildtype and syu embryos is consistent with the hypothesis portant in the development of the vertebrate retina.
that circumferential cell divisions tend to be asymmetric and that the lack of Shh secretion delays the expected Orientation of Division in syu and lak Mutants increase in asymmetric neurogenic divisions. However, We considered the possibility that circumferential diviwe cannot rule out the hypothesis that the failure of the sions represent asymmetric divisions, as this is the axis retinal ganglion cell layer to form properly affects the along which the neurogenic waves of differentiative divimorphogenesis of the growing retina. Indeed, the retina sions in the zebrafish retina spread (Hu and Easter, of syu mutants is less organized and slightly smaller 1999). The signaling molecule Sonic Hedgehog (Shh) than the wild-type retina. It is also possible that in syu and the transcription factor Ath5 are both expressed in a there is simply a delay in growth relative to the wildspatio-temporal pattern characteristic of the neurogenic type retina, and that this delay causes a consequent wave (Masai et type. Despite this, the lak retina retains normal morpholdue to low signal intensity. Dividing cells also had an "apex," a slight protrusion that the basal process emaogy and order and is not markedly different in size compared to wild-type. The lak pigmentation defect used to nated from, which could be seen in all 81 cases. There were no clear cases where the basal process was seen identify mutants is expressed at 4 dpf (Kelsh et al., 1996) , which is too late for in vivo imaging starting at 24 hpf.
to retract during cell division. The most likely possibility, therefore, is that all dividing cells in the zebrafish retina To surmount this problem, lak embryos were identified by PCR and fixed in paraformaldehyde. Nuclei were retain a basal process. Most of the cytoplasm seems to end up in the mitotic cell body at the apical side so visualized at specific time points (30 hpf, 40 hpf, and 55 hpf) by Hoechst staining to measure the orientation of that the basal process itself becomes extremely thin. If labeled neighbors do not surround the dividing cell, the anaphase nuclei. Similar to syu, lak showed no change in the distribution of orientations of division over time basal process can be seen clearly in 3D reconstructions of the volume ( Figure 6A ). If the cell is surrounded by ( Figure 5E ), while wild-type siblings showed a significant change toward circumferential divisions ( Figure 5D ). The labeled neighbors, however, the persistence of the membrane is indicated by a higher intensity at the exlack of change in distribution of orientations of cell division seen in syu and lak strengthens the hypothesis that pected position along the cell membrane of adjacent cells. After metaphase, the basal process becomes this change in trend of orientation of division plays a role in neurogenesis in the vertebrate retina. more visible again as cytoplasm moves back into it. The position of the basal process at this time is almost identical to that of the process prior to cell division, The Basal Process Persists during Mitosis To follow the basal process through the division of retiindicating that the basal process persisted and retained its structure during the division. In many cases, the time nal neuroepithelial cells, a membrane-targeted eGFP construct (GAP-GFP) was used to visualize cell memelapsed between mitosis and the process being refilled with cytoplasm is very short, on the order of 15 min. branes. These time-resolved experiments revealed that the basal process does indeed persist during cell diviOccasionally, as the nucleus and cytoplasm of a cell shift to the apical side in preparation for cell division, a sion. Out of 81 cell divisions observed between 27 and 48 hpf, 77 cells had a basal process that clearly persisted small volume of cytoplasm will fail to move from the basal process into the soma. It becomes trapped in a throughout the division (see Movie S2 in Supplemental Data at http://www.neuron.org/cgi/content/full/37/4/ bubble-like swelling of the basal process at some distance from the main body of cytoplasm (see Movie S3 597/DC1). In the other four cases, the presence or absence of the basal process could not be determined in Supplemental Data). After cell division, the stray cyto- plasm always joins one of the two daughter cells promined in relation to the central-peripheral and circumferential axes of the retina. A basal process positioned offduced, confirming the existence of a continuous connection between at least one daughter cell and the stray center in one axis results in an asymmetry of inheritance if the cleavage plane of division is in the other axis. The cytoplasm and, thus, the persistence of the basal process ( Figure 6B) . position of the basal process could be consistently used (71.5% of the time for 54 cells) to predict which daughter cell, if not both, would inherit the process given a certain Inheritance of the Basal Process after Cell Division By time-lapse analysis, we noticed that, in some cases, orientation of division. This shows that the basal process does not have to split two ways nor is it always inherited the basal process seemed to be inherited by one of the two daughter cells, similar to the report of asymmetric by just one daughter cell. In fact, its position at prophase and the orientation of division will determine how it is inheritance of the basal process in mouse radial glial cells (Miyata et al., 2001 ). We asked two further quesinherited. Within 15 or 20 min of mitosis, the daughter cell that did not inherit the process usually rejoined its tions. First, how exactly is the basal process of a dividing cell inherited by its daughter cells? And second, if only sibling's basal process with its basal apex lying adjacent to it. Retinas labeled with GAP-GFP were then analyzed one of the two daughter cells inherited the basal process, was this event correlated in any way to any other for the orientation of cell division along with the asymmetric inheritance of the process (Table 1) as well as asymmetry in such a division? Of the 77 cells whose basal process could be seen, 54 (70%) divided such for temporal differences in the proportion of cells whose basal process is asymmetrically inherited. Asymmetric that only one daughter cell clearly inherited the basal process. For each of these cases, we found that the inheritance of the basal process and the planar orientation of cell division were found not to correlate with each basal process or the apex that it emanated from was already positioned slightly off-center with respect to the other (p ϭ 0.29) and are, therefore, independent of each other. Similarly, the proportions of cell divisions that led basal pole of the cell prior to mitosis ( Figure 6C ). By rotating a rendering of the prophase cell around its to asymmetric inheritance of the basal process did not change significantly between 26 and 48 hpf, indicating apico-basal axis, the position of the process was deter- that inheritance of the basal process is not regulated and occasional asymmetric inheritance of the basal process of neuroepithelial cells during cell division. by the same processes that regulate the temporal changes in cell division orientation. The 8% versus 1.7%) . In fact, we found that at tence of the basal process during mitosis brings up the later time points, the retinal surface increased less in the interesting question of asymmetry of inheritance of the circumferential axis than it did in the central-peripheral basal process. In the cases where the basal process dimension (3.5% versus 7.6%). These figures do not was clearly inherited by only one daughter cell, it was support the hypothesis that orientation of cell division also found asymmetrically positioned on the basal surdrives the shape change of the eye. If circumferential face of the mitotic cell. Generally, the daughter that did divisions are not driving morphogenesis, perhaps they not inherit the basal process would either promptly grow relate to asymmetric cell divisions that throw off differits own process along its sibling's process, or simply join entiating daughters. The neurogenic wave could be the the sibling's process. We could not distinguish between basis for a signal spreading along the circumferential these two alternatives by laser scanning microscopy. axis that provides planar polarity to dividing cells. The
Orientation of Cell Division
The fact that the noninheriting cell joined its sibling impresent data sets do not allow us to assess whether plies either some sort of recognition between the two reorientation occurs in the ventral-nasal patch before siblings or a persisting physical link between the two. the dorsal patch as might be expected if this were the
The importance of such a link becomes evident when case. However, a few cell fate determining genes, such one considers the structure of the retina as a collection as ath5 and sonic hedgehog, have been identified that of radial units similar to those in the cortex ( at specific time points. Embryos obtained from lak heterozygous matings were genotyped as previously described (Kay et al., 2001 ). Syu, lak, and Brn3c-GAP-GFP fish were also treated with PTU for imaging experiments.
Briefly, trunks of fish were digested with proteinase K, boiled, and diluted 1:5 in water. One microliter of lysate was used for PCR amplification using the primers 5Ј-CCGGAATTACATCCCAAGAAC Bodipy-Ceramide Labeling Bodipy-FL-C 5 -Ceramide (D-3521, Molecular Probes) stock solutions and 5Ј-GGCCATGATGAGCTCAGAG in a 50 l reaction (35 cycles, 55.6ЊC annealing temperature). Fifteen microliters of the 293 bp PCR were made using DMSO to a concentration of 6.25 g/l. Prior to labeling, a 5 l aliquot was further dissolved in 150 l of embryo product were digested with StuI and separated on a 2% agarose gel. In the case of wild-type fish, the product was cut into two medium containing 0.01 M HEPES buffer. 15 to 20 embryos were bathed in the solution in darkness at 28.5ЊC for 4 to 8 hr. The embryos fragments. In mutants the product remained uncut, and in heterozygous fish, all three bands were visible. were rinsed thoroughly in embryo medium and dechorionated prior to mounting as described below.
For the analysis of division planes in lakritz mutants, embryos were collected at 30, 40, and 55 hpf. Embryos were treated with 0.003% PTU from 11 hpf onward to inhibit pigmentation. After collecPlasmids A number of plasmids were used as in vivo markers of cell memtion, the embryos were fixed for 5 hr in 4% PFA at 4ЊC. After washing in PBS, the trunks were separated from the heads for genotyping branes or nuclei for studies of cell division. GAP-GFP, which consists (see above). The heads were then processed through a series of axis of the eye, whereas an angle of 90Њ would correspond to a mitotic spindle aligned along the central-peripheral axis of the eye. 25%, 50%, 75%, and 2ϫ 100% Methanol in PBT (0.1% Tween-20 in PBS) and stored overnight in 100% Methanol (Ϫ20ЊC). After
To be consistent with the fish data, however, we used the complementary angles to those of the rat results so that an angle of 0Њ, for rehydrating through the same series of Methanol dilutions, the heads were washed in PBS and twice in distilled water. To permeabilize example, became 90Њ (circumferential) and an angle of 90Њ became 0Њ (central-peripheral). the tissue, acetone treatment (7 min, Ϫ20ЊC) was performed (Westerfield, 1995). Afterwards, heads were washed in water and twice in PBT. To visualize mitotic figures, DNA was stained overnight at Analysis of the Basal Process 4ЊC with Hoechst (1 g/ml in PBT) and then washed extensively to To visualize the basal process of a neuroepithelial cell during mitoreduce background (PBT overnight at 4ЊC). The eyes were mounted sis, zebrafish embryos were injected with GAP-GFP, which labels on slides, and z-series (optical sections 1 m apart) through entire cell membranes, and their retinas were imaged as described above eyes were collected by two-photon laser scanning microscopy as (see Visualization). A short time series of a volume of interest condescribed above. taining a dividing cell was rendered using Volocity (Improvision, UK).
Definition of Retinal Axes
This allowed us to freely rotate the volume and attempt to determine In order to analyze the orientation of cell divisions in the retina, we whether the basal process could be seen. Looking at time points defined three orthogonal axes in the retina. The first is the apicobefore and after mitosis also helped to identify the basal process. basal or radial axis, which is perpendicular to any given point on For basal processes that could be seen, we also described which the surface of the retina and runs between its apical and basal sides.
area of the cell's surface the basal process emanated from, since Orthogonal to the radial axis are two axes that run within the plane a decentralized basal process could be inherited asymmetrically of the retinal surface itself. By considering the retina as an ellipsoid after mitosis depending on the cleavage plane of the cell. We defined body much like a globe, with the lens at one pole and the optic its position in terms of the central-peripheral and circumferential nerve head at the other, we can define a central-peripheral axis axes mentioned above. On the basal aspect of the cell, the position analogous to lines of longitude or great circles on a globe and a of the process could be described in relation to the cell's pole as circumferential axis analogous to lines of latitude running orthogonal "lateral" or "central" in the circumferential axis and as "central" or to the central-peripheral axis ( Figure 4A ).
"peripheral" in the central-peripheral axis. 
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